The kinetic coefficients (trace diffusion, mutual diffusion and shear viscosity) of molecules in slit-like and sphero-cylindrical mesoporous systems were studied in terms of the modified lattice-gas model (LGM). The LGM equations were derived for molecules of the mixture having a spherical shape and similar size. A new equation for the velocity of the thermal molecule was used. The theory takes the change in the mechanism of particle migration in different phases into account, viz. from pair collisions for the gas to the overcoming of the activation barrier by thermofluctuation for dense phases. At low mixture densities corresponding to an ideal gas phase, the LGM expression for the mutual diffusion coefficient agrees with the expression of the rigorous kinetic theory of gases. The theory allows the calculation of the kinetic coefficients for the components of binary mixtures in full gas-liquid density areas. The supramolecular structure of the sphero-cylindrical system was modelled by sections with a simple regular geometry (cylindrical and spherical) with the additional inclusion of junctions between different pore sections. The contributions of the near-wall regions caused by the molecule-wall potential to the general appearance of the phase diagrams and the effect of the pore size on the capillary condensation conditions were discussed.
INTRODUCTION
The transport of molecules in porous media determines the characteristics of a wide range of catalytic, adsorption and membrane processes (Timofeev 1962; Satterfield 1970; Ruthven 1984; Dubinin and Serpinsky 1983; Mason and Malinauskas 1983) . In narrow (up to 10-15 nm) pores, the wall potential influences the aggregation state of the fluid and, correspondingly, the transport mechanisms (Tovbin 2001) . In narrow pores, the transport characteristics of the adsorbate change compared to those in the bulk phases. Traditionally, the transport of molecules is described using mass, momentum and energy-transfer equations well known in the thermodynamics of irreversible processes (Landau and Livshits 1986; de Groot and Mazur 1962; Bird et al. 1965) . Assuming that the process is isothermal, it is possible to restrict considerations to the continuity equation and the mixture motion equation. The diffusion and shear viscosity coefficients are the most important dynamic characteristics. However, the theoretical calculation of these values over a broad range of degrees of filling (in the gaseous and liquid states) and temperature is hampered. Hence, these dynamic characteristics of adsorbates are currently mainly calculated using molecular dynamics (MD) (MacElroy 1994; Todd and Evans 1995; Tovbin 1996a; Akhmatskaya et al. 1997; Gelb et al. 1999 ).
An analysis of the experimental data using molecular level theory has many problems. Thus, the available experimental methods for measuring self-diffusion coefficients (NMR and tracer techniques) give values that strongly differ from the data obtained from flow characteristics (Dubinin and Serpinsky 1983; Vartapetyan et al. 1997) . Nevertheless, some positive examples have also been reported (Karger 2003) .
The situation is even more complicated for mixtures. Thus, the concentration dependencies of these coefficients for dense gases and liquids in narrow pores in particular are unknown. Moreover, on passing from a one-component flow to the transport of mixtures, additional transfer coefficients should be introduced. The presence of a chemical potential gradient under non-equilibrium conditions gives rise to mass-transfer coefficients. When the pressure is constant, these coefficients reflect the gradients of the component concentrations, while for a constant mixture composition they reflect the gradient of the overall pressure. Account should also be taken of the thermodiffusion transfer coefficients (Landau and Livshits 1986; Bird et al. 1965 ; de Groot and Mazur 1962) . The concentration dependencies of all these coefficients have not been studied. Similarly, although the shear viscosity coefficient is of greatest importance for the momentum-transfer equation, its concentration dependencies in narrow pores have not been analyzed either.
The present paper describes an investigation of the concentration dependencies of the most important characteristics of a binary mixture in narrow pores, such as the trace diffusion, mutual diffusion and viscosity coefficients, by employing a theoretical description on the basis of the lattice-gas model (LGM) (Hill 1956; Tovbin 1991) . The theory takes into account the proper volume of the atoms and interactions between the atoms in the quasi-chemical approximation. This approach requires much less computational time relative to molecular dynamics simulation, which requires times up to 10 5 larger than for similar calculations using the LGM. In addition, despite studies by numerical methods (Gelb et al. 1999) , it was the LGM that allowed the multi-domed character of phase diagrams in narrow-pore systems to be revealed and explained (Tovbin and Vasyutkin 2002; Tovbin 2003) . However, it should be noted that the LGM involves approximate calculations based on the quasi-chemical approximation. For this reason, control of the accuracy of the results, especially those obtained near critical regions is required; this is the reason why the principle of jointly using the quasi-chemical approximation and exact methods was suggested (Tovbin 1998) . The LGM has been used to analyze the phase diagrams of adsorbates comprised of spherical molecules in slit-like and cylindrical pores Votyakov 1998, 2001; Tovbin et al. 1999) and to obtain the first results in studies of the dynamic characteristics (self-diffusion, shear viscosity and heat conductivity coefficients) of adsorbates in narrow pores (Tovbin and Vasyutkin 2002; Tovbin and Komarov 2002; Tovbin et al. 2003) . The LGM agrees very closely with phase diagrams (Votyakov et al. 1999; Vishnyakov et al. 2000) and provides satisfactory agreement with calculations of self-diffusion coefficients in cylindrical pores (Tovbin et al. 2003) and shear viscosity coefficients in slit-like pores (Tovbin and Komarov 2002) . In addition, a comparison between LGM and MD has demonstrated acceptable coincidence in an evolutional analysis of the dynamics of trace molecules. Such coincidence applies to both the local temporal distributions and the temperature dependencies of the average trace coefficient along the pore section inside the slit-like pore (Mazo et al. 2003; Tovbin 2005) . This analysis has been performed for dense fluids at various surface potentials, ranging from an absence of attraction up to the strong attraction between the adsorbate and the pore walls.
A new problem appeared during a consideration of the transport coefficients (particularly, the coefficient of mutual diffusion) for rarefied gases. It should be noted that although the MD method is effective for intermediate and dense fluids (MacElroy 1994; Todd and Evans 1995; Tovbin 1996a; Akhmatskaya et al. 1997; Gelb et al. 1999) , it is unsatisfactory for low-density systems. The use of this technique for low-density systems becomes more difficult in the vicinity of the pore walls where strong attraction exists between the adsorbate molecules and the pore surfaces. Under these conditions, it has proved impossible to demonstrate whether any difference exists between LGM and MD simulations.
In the low-density limit, the kinetic theory of dense phases should correspond to the rather well-developed kinetic theory of gases. However, physical statements of the theory for liquid phases differ appreciably from the initial statements of the gas theory; hence, this interconnection between theories is not at all possible at present. In this study, the diffusion flows for two aggregation states are described on the basis of a unified kinetic approach developed previously within the framework of the LGM (Tovbin 1990b (Tovbin , 1991 for a static thermostat. This approach allows a description of the transport processes in the solid bulk, on the solid surface and in stationary fluid systems. The method has been extended recently (Tovbin 2002a (Tovbin ,b, 2004 to the case of a mobile thermostat for describing gas and fluid flows. This opens up the way for investigating all the dissipative coefficients for the transport of atoms and molecules.
However, the transfer of molecules in dense phases is described in terms of the mean velocities of jumps (or shifts) (Tovbin 1990b (Tovbin , 1991 . On passing to low densities, this description leads to expressions of the elementary kinetic theory of gases which do not take account of the velocity dispersion of molecules (Moelwyn-Hughes 1961; Reif 1972) , and which differ in some situations (Hirschfelder et al. 1954; Moelwyn-Hughes 1961; Reif 1972) from the rigorous kinetic theory of gases (Chapman and Cowling 1952; Waldman 1958; Ferziger and Kaper 1972) .
To prevent this disagreement, a modification of the theory has been suggested (Tovbin 2005a,b,d) . The main feature of such a modification is the inclusion of a more detail description of the collision process, allowing the exchange of various components in mixture by impulses. (Obviously, this modification also changes the quantitative magnitudes of the transport processes for pure fluid molecules, but quantitatively conserves all the concentration characteristics.) Hence, in this work, we undertake a numerical study of the concentration dependencies of the transport coefficients for binary mixture components, using the modified LGM (Tovbin 2005a,b,d; Tovbin and Rabinovich 2005) over a wide range of narrow pore fillings ranging from dense gases to liquids. For the sake of simplicity, such discussion has been restricted to the condition that components have a spherical shape and approximately the same size. Although this restriction is only strictly applicable to isotopic mixtures, it provides reliable results for many mixtures of molecules that do not differ very much in size. Hence, such an analysis has been widely used for bulk solutions, with the LGM itself being applied to mixtures of molecules of different sizes (Prigogine 1957; Smirnova 1987) . We consider only the case of a mono-disperse system of slit-shaped and sphero-cylindrical pores. The equations for the adsorption isotherms for mixtures of spherical molecules of approximately the same size in various polydisperse pore systems have been reported previously (Tovbin 2003) . The argon/krypton system in activated carbon was chosen for studying the concentration dependencies of the dynamic characteristics.
THE LATTICE-GAS MODEL
In the lattice-gas model (Tovbin 1991 (Tovbin , 1996b , the volume V p of any pore is divided into unit cells that are equal to the volume of a particle v 0 = λ 3 (where λ is the lattice parameter) to exclude the double filling of a cell (adsorption centre or site) by different molecules. Slit-like pores provide a simpler example in which the volume of the pores can, at first, be divided into mono-atomic layers arranged parallel to the pore walls, and then each layer is divided into unit cells. (More complex pore systems are considered below.) In this case, V p = Nv 0 , where N is the number of cells in the system.
Let the number of nearest sites in the lattice structure be denoted as z. Only one particle can be situated in each site, either a molecule of type i (if the centre of mass of the molecule is inside the cell) or a vacancy, v. The index i numbers the number of components in the mixture. Let s denote the number of different occupancy states of a site in the system, i.e. the number of components is s -1. The concentration of molecules is usually assumed to be equal to the number of molecules N i in unit volume, c i = N i /V p . In the LGM, the concentration of a fluid component is characterized by the θ i = N i /N value, i.e. the ratio between the actual number of particles in a given volume and the maximum possible number of the same particles closely packed in the same volume. We then have θ i = c i v 0 .
The local density of particles i in a cell f will be denoted as θ i f . Obviously
(1)
Every cell f is characterized by its own interaction energy Q i f between molecules of type i and the pore walls and, accordingly, its own Henry constant a i f . All lattice sites can be divided into groups with equal properties according to this parameter. Let the number of such groups be denoted by t. If the slit-like pore walls are homogeneous, all sites in one layer are equivalent. The number f of a given layer will therefore coincide with the number of the site it contains. If the number of monolayers is even, t = H/2, and if it is odd, t = (H + 1)/2 (where H is the width of the pore).
The local Henry constant is a i f = a i0 f exp(βQ i f ), where β = (kT) -1 and a i0 f = βF i /F 0 i . Here, a i0 f is the pre-exponential factor of the Henry constant; F i and F 0 i are the partition functions of molecules i in the lattice system and outside it (in the gas phase), respectively; Q i f is the interaction energy between molecule i in layer f and the pore walls calculated as Q i f = u i (f) + u i (H -f + 1), 1 ≤ f ≤ t (here, the interaction potential between a molecule and a pore wall corresponds to the attractive branch of the (3-9) Mie potential [Steele 1974] ) and ε i is the energy parameter of the potential. Accordingly, the fraction of sites F f in layer f is 2/H for even H; for odd H, it is 2/H if 1 ≤ f ≤ (t -1) and 1/H if f = t. The normalization condition for sites of various types has the form:
(2)
The average partial fluid concentration θ i and the total average filling of a pore θ can be written in terms of local concentrations as:
( 3) where F f is the fraction of sites of type f. The {P} ϵ P 1 , . . . ,P s -1 symbol is used to denote the set of all partial pressures of mixture components P i , 1 ≤ i ≤ s -1.
The local partial isotherms of various adsorption centres, which are needed for equation (3), are calculated using the system of equations taken from previously published work (Tovbin 1991 (Tovbin , 1996b . These equations take account of the energetic non-uniformity of lattice sites and intermolecular interactions at a distance of R coordination spheres:
(4)
where the Λ i f function describes the non-ideality of the adsorption system in the quasi-chemical approximation. Equation (4) describes the layered distributions of sites of various types in slit-like pores: z fg (r) is the number of neighbouring sites in a layer g at distance r from the site under consideration in layer f. It indicates that the lateral interaction parameter ε ij fg (r) between neighbouring molecules i and j separated by r coordination spheres may be a function of the temperature and the local composition around sites f and g, whereas interactions of all molecules (i = s -1) with vacancies ( j = s) as well as between vacancies (i,j = s) are zero. Index g runs over all neighbours z f (r) of site f at a distance r ≤ R within the pore, where R is the radius of the interaction potential:
where t ij fg (r) = θ ij fg (r)/θ i f ; the functions t ij fg (r) describe the conditional probabilities of the presence of a neighbouring particle j in a site of type g at distance r from the central particle i in a site of type f, whereas the θ ij fg (r) functions describe similar full probabilities. These last functions satisfy the equations:
(6) which are solved together with equation (1). The equilibrium distribution of particles over sites of various types was found from equations (1)-(6) using the Newton iterative method for selected {θ i } or {P i } sets. The accuracy in solving this system was not less than 0.1%. Solving the equations (1)-(6) provides the possibility of calculating the equilibrium characteristics as well as the rate of thermal motion of molecules in a dense gas or a liquid, and all the dynamic characteristics of the flow in narrow pores.
MODIFICATION OF THE EQUATION FOR THE THERMAL VELOCITY OF MOLECULES IN RAREFIED GASES
The main characteristic of the thermal motion of molecules in condensed media is the mean number of molecules of component i moving from site f to a neighbouring site g per unit time, or the jump rate U iv fg of the component i (we shall restrict ourselves to jumps between nearest neighbours) (Tovbin 1990b (Tovbin , 1991 . This rate of jumping for component i is related to the thermal velocity via the relationship w i = λU iv fg /θ i f . The velocity of the particle jumps is calculated using the Eyring transition-state model (Glasstone et al. 1941 ) which treats molecule displacements as an activation process for overcoming the barrier. The formulation of this model for non-ideal ( ) reaction systems, when the barrier to be overcome is created by the potential of neighbouring particles and the surface of a solid, is described elsewhere (Tovbin 1984 (Tovbin , 1990a .
As mentioned above, the theory gives an expression for the coefficient of mutual diffusion which converts into the well-known Meyer's formula (Moelwyn-Hughes 1961) for the gaseous phase instead of the Chapman-Enskog formula derived from kinetic theory (Chapman and Cowling 1952; Hirschfelder et al. 1954; Waldman 1958; Ferziger and Kaper 1972) . It is necessary to combine the jump pattern in the LGM for rarefied and dense (liquid and solid) phases with the expression for the mutual diffusion coefficient for an ideal gas. To improve the theory, the explicit consideration has been allowed of moving the migrated molecule i after collision with the molecule j, with which the molecule i last collided, in calculating its contribution to the transport flow (Tovbin 2005a,b,d) . Then, instead of the mean thermal velocity (kT/2πm i ) 1/2 (where m i is the mass of molecule i) of molecule i in the gaseous phase, the motion of molecule i can be described by the relative velocity w i( j) = (kT/2πµ i(j) ) 1/2 . Figure 1 shows the shift of a molecule in the LGM from site f to a neighbouring vacant site g. The scheme shows the sites of two unified coordination spheres around the central sites fg in the lattice with the number of nearest neighbours z = 6 (the first coordination sphere includes sites with numbers 1-9 and the site ξ). The molecules in all neighbouring sites influence the probability that molecule i will jump from site f into the vacant site g through lateral interactions. The contributions of all of these neighbouring molecules located within the first and second coordination spheres may be described as previously using traditional LGM equations (Tovbin 1990b (Tovbin , 1991 .
In the LGM modification (Tovbin 2005a,b,d) under consideration, the contribution of molecules j located in site ξ is described in more detail. The subscript ξ refers to a neighbouring site to site f accommodating the neighbouring molecule j, which determines the momentum and the jump direction of molecule i from site f into the vacant site g. The location of site ξ is linear to that of sites f and g, with both being on the other side of site f. However, the distance to this site, ρ (between sites f and ξ), exceeds the lattice parameter, λ, of this structure. The collision between molecules i and j occupying sites f and ξ determines the jumping rate of molecule i. Such modification of the jumping rate of molecule i conserves the self-consistency in the description of all equilibrium and transport characteristics of the system inherent in the LGM. This self-consistency is present for both the bulk phase and the pores (for example, in the calculation of adsorption heats and isotherms with the use of mass diffusion and viscosity coefficients). This leads to the following expression for the jumping rate U iv fg of component i [the derivation procedure is completely similar to the usual constructions in the LGM (Tovbin 1990b (Tovbin , 1991 ]: (7) where the rate constant for the jump K (j)iv ξfg has its usual form except that the reduced mass µ ij of the colliding molecules i and j is used instead of the mass of a single molecule m i ; E iv fg is the activation energy for a jump of distance λ in the action field of the pore-wall potential (for sites remote from the pore walls, E iv fg = 0). Attention should be paid to the difference between desorption in which the motion direction is normal to the pore wall and the molecule obtains its momentum from the wall atoms (the site ξ refers to the pore wall) from the migration of a molecule in the flow far from the walls or in the surface along the pore wall in which the molecule obtains its momentum from other migrating molecules. In the description of desorption in the above-mentioned direction, the rate constant contains the reduced mass µ iw , where the subscript w refers to the atom (or group of atoms) of the wall surface.
The concentration dependence of the migration velocity of the molecule is expressed by the factor V (j)iv ξfg . This factor takes three parameters into account: (1) θ iv fg is the probability of the existence of a free path from site f to site g; (2) Λ iv ξfg is the influence of lateral interactions of neighbouring molecules on the probability of the jump; (3) 〈t ij f ξ 〉 is the probability that the neighbouring particle j is located in site ξ which is linear with sites f and g, which is expressed as: (8) (9) where ε *ij fh (r) is the interaction parameter of the activated complex for the migration of molecule i from site f with the neighbouring molecule j which exists in the ground state at site h at a distance r, r ≤ R. The coefficient 1.5 employed in the expression for the energy parameters, r = 1.5ρ, relates to the saddle point coordinate with respect to site ξ. For an ideal gas, ρ > R and 〈t ij fξ 〉 = x i , where x i is the mole fraction of component i.
The function Λ iv ξfg is expressed in the quasi-chemical approach as follows: 
A specified jump distance corresponds to the distance from site h to site f (equal to r 1 ) and that to site g (equal to r 2 ). The sites h belong to the set m(ω r ) with fixed distance r and orientation ω r . The orientation ω r describes the position of site h and corresponds to the angle formed by the segment connecting the pair of "central" sites fg and the line connecting site h with the midpoint of the segment fg. The set m(ω r ) includes the sites located at the distance r from a central site (f or g); the character " * " stands for m * (ω r ) = m(ω r ) -1, which implies the lack of a factor at h = ξ in the right-hand part of relation (10).
The relations (7)- (10) can be used to calculate the various transfer coefficients for the average relative velocity of the thermal motion of the molecules i, taking into account their collisions with all neighbouring molecules. Below we present, without derivation, the final forms of the new equations for the transfer coefficients.
KINETIC COEFFICIENTS OF THE MODIFIED THEORY

Trace transfer coefficients
The local mass-transfer coefficient for a particular component, which characterizes the redistribution or thermal motion of a molecule i (1 ≤ i ≤ s -1) between neighbouring sites f and g, situated in neighbouring planes under equilibrium conditions, is the simplest characteristic of the molecular transport. In practice, these processes are usually identified on the basis of the migration of a trace isotope introduced into some local region of the system. The migration is detected by following the redistribution of the trace with time over the whole solution.
In the presence of external fields, the field of the surface potential of the pore walls, the local and the average partial trace transfer coefficients for an inhomogeneous system may be distinguished in this particular case (Tovbin 1990a) . For a trace molecule of type i, the following expression is valid for the trace transfer coefficient:
where z * fg is the number of possible jumps to the neighbouring site g for every site f. This expression shows that the self-diffusion coefficients for all components depend appreciably on the local distributions of the mixture components across the pore cross-section and on the motion direction. They also depend on the total local density of the system and the intermolecular interactions.
Apart from the local transfer coefficients, average transfer coefficients are of interest for the characterization of the flow. These coefficients are defined for some macroscopic area containing a set of local regions. For slit-shaped pores, the forward motion of the molecules along the pore axis with averaging over the contributions of all sites located in its cross-section is considered most often as the averaged characteristics. In view of the inhomogeneous distribution of molecules over the monolayers in a slit-shaped pore, the following expression is valid for the average trace transfer coefficient (1 ≤ i ≤ s -1): where z * qp is the number of bonds along which the jumps take place from a site in layer q to neighbouring sites in layer p: dθ *i q /dθ * i = dθ i q /dθ i . The relationship between the jump constants and the local Henry constants is described by the expression: a i q K ( j)iv ξqp = a i p K (j)iv ξpq .
Mutual diffusion coefficients
The local and average mutual diffusion coefficients for a binary mixture at constant pressure and temperature can be introduced in a similar manner. If the local flow of the first component towards site g is represented as J 1 fg ( χ ) = -D 12 ξfg ( χ ) grad(x 1 ), it is possible to write down the expression for the local mutual diffusion coefficient of a binary mixture: (13) in which the addends appear as follows: (14) where the function S i fξ (ρ) is defined by equation (5) (14) for the calculation of dependence of the mean mass-transfer coefficients for molecules i upon the change in the mole fractions x k is transformed into the known expression (Gurov et al. 1981 ) that relates the mass-transfer coefficient to the gradient of the chemical potential of component i.
The resulting expression shows that the mutual diffusion coefficient for a dense phase, unlike that for a gas, depends not only on the individual properties of the colliding molecules; in addition, an essential role is played by the intermolecular interactions and, as a consequence, the pattern of their arrangement. This means that configuration effects (short-and long-order) and temperature influence the mutual diffusion coefficients. This formula does not include the so-called correlation factor (Murav'ev and Panteleev 1978; Gurov et al. 1981) .
The mutual diffusion coefficient averaged across the pore cross-section, so that only a migration along the pore axis is included, is described by an expression similar to equation (12):
Self-diffusion coefficient
The self-diffusion coefficient describes the migration of an isotopic trace in one-component substances under an equilibrium distribution of molecules throughout the space. Formally, 
expressions for these coefficients may be derived from equations (13) and (14) by equating the properties of both components (Chapman and Cowling 1952; Waldman 1958; Hirschfelder et al. 1954; Ferziger and Kaper 1972) if the overall densities of the molecules replace the partial densities.
Shear viscosity coefficient
The expression for the shear viscosity coefficient of a mixture can be found within the framework of a model that extends the Eyring model for a one-component liquid (Glasstone et al. 1941) to the case of an arbitrary density (from gases to liquids) and to a mixture of spherical molecules (Tovbin and Vasyutkin 2002) . The final expression for the viscosity coefficient η fg upon the shift of the fluid in site g relative to site f has the form:
where x i f is the mole fraction of component i in site f, θ f is the total filling of site f and U iv ξfg can be determined from equation (7). At low densities for gas mixtures extended to locally inhomogeneous systems, this equation converts into the Wilke and Brokaw-type approximations (Bird et al. 1965) . For pure components, this expression implies that the temperature dependence of η is given by T 1/2 and that the dependence of η on the density is linear. At high densities, η depends exponentially on the temperature as in the traditional Eyring model (Glasstone et al. 1941 ). This expression for pure components has been verified in the calculation of the bulk viscosities of Ar, He, H 2 , N 2 , NH 3 and CO 2 gases where good agreement was shown with the experimental data (Tovbin and Komarov 2001) . For dense phases, the equations obtained allow a number of experimental correlations between the viscosity and mutual diffusion coefficients of liquid mixtures to be substantiated (Reid et al. 1977) .
ANALYSIS OF THE NEW EQUATION FOR A BULK GASEOUS PHASE
In the absence of lateral interactions and far from the pore walls, equation (7) can be written as , where the lower indices for site numbers are omitted. Taking account of the relationship between the jump velocity and the thermal velocity, it may be shown that the average relative velocity w i fg of component i is given by .
As for the gas phase, we have . Introducing the relatively fixed coordinates of the diffusion coefficients (relative to the pore walls) by the usual gas expression , where l i is the average free path of component i, in LGM one has l i = l = (cσ 12 ) -1 , where σ 12 = πd 12 2 , d 12 = (d 11 + d 22 )/2, d ii is the diameter of molecule i and c = c 1 + c 2 is the total numerical density (concentration) of the molecule mixture per unit volume. Using these values one obtains a new expression for the coefficient of mutual diffusion in the gaseous phase: 
For the limiting cases of minor contents of either the first or second component, the contribution of the second term in equation (17) is small and it may be transformed directly into the Stefan-Maxwell expression: D 1,2 SM = w 12 / ( nσ 12 ) , w 12 = ( 2kT/πµ 12 ) 1/2
It can be seen that, if the molecular transport is considered from the standpoint of the theory of condensed phases, the expression for the mutual diffusion coefficient in the ideal gas is modified quite markedly. Equation (17) contains a quadratic dependence on the molar composition of the mixture. It is symmetrical with respect to x 1 = x 2 = 0.5. For an equimolar composition, the coefficient D 1,2 is the minimum, as the trend for component mixing is the lowest. The degree of deviation D 1,2 (x 1 = 0.5) from D SM 1,2 depends on the ratios of the masses and sizes of the components. At any molar composition of the mixture, the deviation of equation (17) from equation (19) at any ratio of the component masses and sizes does not exceed the value (1 -1/2 1/2 ) < 0.3 (i.e. it is less than 30%). For molecules with commensurable sizes, these deviations are smaller. Figure 2 shows the normalized concentration dependencies of the mutual diffusion coefficients in a helium/argon binary mixture upon changing the mole fraction of helium. The experimental data [as taken from Table 24 of Chapman and Cowling (1952) ] (curve 4 in Figure 2 ) do not contain information about temperature; hence, they were normalized to the limiting value of the mutual diffusion coefficient for the heavier component (x Ar → 1). The experiment shows that the higher the fraction of light atoms, the lower the mutual diffusion coefficient. The limiting D 1,2 values for x Ar → 1 and x Ar → 0 were obtained from the tabulated data for the mean ratios of the mole fractions of the two components (shown as filled squares in Figure 2 ) by linear extrapolation in accordance with the conclusions of the rigorous theory.
The analogous normalized ratios shown in Figure 2 were calculated using the Stefan-Maxwell formula (curve 1), the Meyer formula (curve 2) and the new formula [equation (17)] (curve 3). It will be seen that curve 2 demonstrates a rather strong variation of the dependence of the mutual diffusion coefficients on the argon concentration that does not agree with the experimental data and the Stefan-Maxwell formula. Comparison indicates that the new equations show a marked improvement on the Meyer formula and are comparable in accuracy with the Stefan-Maxwell formula. Thus, for "practical" sizes and masses of mixtures (such as the He/Ar mixture), the highest deviation of the calculated results obtained using equation (17) from the experimental values is 11%. The rigorous theory allows deviations of the same order (~10%) (Chapman and Cowling 1952; Waldman 1958; Hirschfelder et al. 1954; Moelwyn-Hughes 1961; Ferziger and Kaper 1972) . Hence, the new equations (13)-(17) provide agreement for a gas phase with the Maxwell-Stefan expression for the coefficient of mutual diffusion.
Dense mixtures studied using the same molecular parameters as previously have been used to construct the equilibrium density profiles in slit-like pores (Tovbin 2005c; Tovbin and Rabinovich 2005) . The fluid structure was modelled by a lattice with z = 12 nearest-neighbouring sites. The lateral interactions were determined using the Lennard-Jones potential for r/σ ij = 2 1/6 , which corresponds to a minimum of this potential.
The molecular parameters of the mixture components are well known: the argon atom has ε ArAr /k B = 119 K, and the krypton atom has ε KrKr /ε ArAr = 1.37 (~326 cal/mol or 163 K) (Steele 1974; Sokolowski and Fischer 1990) . The interaction parameter between particles of different types was estimated as ε ArKr = (ε ArAr ε KrKr ) 1/2 . For the argon/krypton system, the difference between the solid-sphere Lennard-Jones potential is rather small: σ ArAr = 0.3405 nm and σ KrKr = 0.363 nm. For the sake of simplicity, the lattice parameter λ was assumed to be λ = 2 1/6 σ, where σ = (σ ArAr + σ KrKr )/2.
To calculate the jump velocity, the dimensionless parameter α = ε * /ε was additionally used. Its magnitude was found from a comparison with experimental data on the argon shear viscosity η in the bulk phase (Sokolova 1992) . According to the latter worker, an increase in the argon density θ from a rarefied gas to a value of ca. 0.6 entails an almost two-fold increase in η. The calculation carried out for a lattice structure with z = 12 showed that α was approximately equal to 0.55 which was in acceptable agreement with the experimental data (Tovbin and Komarov 2001) .
The influence of the thermal velocity model used on the concentration dependencies of the argon trace diffusion coefficient D * Ar over a broad range of densities for an argon/krypton mixture is illustrated in Figure 3 . As the total density of the mixture increases, the magnitudes of the coefficient D * Ar decrease. The molar fraction of argon atoms influences the concentration dependencies for D * Ar at relatively large total concentration. For rarefied gases, the magnitude of the mutual diffusion coefficient in the argon/krypton binary mixture as the argon mole fraction is varied, calculated via various expressions as for Figure 2 , is given as the insert in Figure 3 . The greatest difference between the results obtained using the new modified model (curve 3) and the results of a similar calculation using the Stefan-Maxwell formula (Moelwyn-Hughes 1961) (curve 1) is only 1.2%.
CONCENTRATION DEPENDENCIES OF DYNAMIC CHARACTERISTICS IN SLIT-LIKE PORES
We assume that the walls of slit-shaped pores in activated carbons are formed by carbon atoms. The pore width H is to equal to 10 monolayers. The molecular parameters of the components in argon/krypton mixtures are well known: Q 1 1 = 9.24ε ArAr and Q 1 2 = 12.17ε ArAr (Steele 1974; Sokolowski and Fischer 1990) . The wall potential is taken into account up to distances at which the energy becomes lower than the energy of thermal motion for the molecule, Q f Ar = 0.1ε ArAr . All sites separated by more than four monolayers from the walls are considered to be equivalent.
The following basic values were taken in the simulations: R = 1, α = 0.55, α 11 = E iv 11 /Q i 1 = 1/3 (this α 11 value corresponds to the relatively low activation barrier to the surface jump). The calculations were restricted to isothermal conditions for T = 1.5T crit (Ar), where T crit (Ar) is the critical temperature of argon. and the mean values for the partial trace transfer coefficients. Curves 1-7 are the concentration curves that refer to all site pairs fg, where g = f, f ± 1. The mixture movement occurs within layer f for g = f and along the normal to the surface of the slit-shaped pore for g = f ± 1. For g = f + 1, the motion is directed toward the pore centre which implies, for the wall attraction potential, a decrease in the binding energy to the wall following an increase in the layer number. This motion involves overcoming the activation barrier of the wall potential (Q i f -Q i f+1 ). Conversely, for g = f -1, motion does not require overcoming the activation barrier of molecule i in the neighbouring layers.
Trace transfer coefficients
The partial trace transfer coefficients for both components decrease as the sites of each type are being filled. On increasing the pressure, the local coefficients referred to the surface monolayer are the first to decrease, while those referring to the central region are the last to decrease. The mean values for the trace transfer coefficients (curve 8) change in a non-monotonic fashion. They have a maximum corresponding to the filling of the surface monolayer; after its completion, filling of the second monolayer starts. In this situation, migration in the second monolayer is rather fast. As the pore volume is being filled, the fraction of vacant sites decreases and all the trace transfer coefficients diminish in value.
Mutual diffusion coefficient
The concentration curves for the mutual diffusion coefficient in slit-shaped pores are shown in Figure 5 . The general pattern of the curves shown in Figure 5 (a) resembles that of the concentration curves of the trace transfer coefficients for both components considered above. They exhibit the same sharp anisotropy with respect to the direction of the local transfer and a substantial dependence on the distance to the wall. However, quantitative differences are obvious. Figure 5(b) shows the variation of the mean mutual diffusion coefficient for different mixture densities with fixed molar compositions in the 10 monolayer-wide slit-shaped pore. These curves have a similar form to curve 8 of Figure 4 . Figure 5(c) shows the variation of the mean mutual diffusion coefficient for different mixture compositions at a fixed total density of the mixture in 408
Yu.K. Tovbin et al./Adsorption Science & Technology Vol. 25 the same slit-shaped pore. Unlike the trace transfer coefficient, the mean value of the mutual diffusion coefficient shows little dependence on the mole fractions of the components in a binary mixture. This is similar to the well-known variation of the mutual diffusion coefficient in gases. However, in porous system, the pore-wall potentials produce such variations. Finally, Figure 5(d) demonstrates the influence of the pore width on the magnitudes of the mutual diffusion coefficients. In the general case, the behaviour of D 1,2 upon the variation of the total degree of pore filling is not monotonic, due to the influence of the wall potential.
Shear viscosity coefficient
The viscosity coefficients were calculated using the same molecular parameters as those used for estimating the diffusion coefficients. The components of the shear viscosity tensor in the 10 monolayer-wide slit-shaped pore for equal amounts of argon and krypton are shown in Figure 6 . As in the above examples, the initial local shear viscosity coefficients were determined by the wall surface potential. The motion along the surface layer involves overcoming the surface potential barrier, which is lower than the "desorption" value (Q l 2 -Q i 1 ); hence, for zero values, η 11 (0) < η 12 (0). The η 12 (0) value is the greatest as it refers to the most pronounced change in the surface wall potential. The same potential determines the relationships η ff (0) < η ff + 1 (0) in its action range. As the degree of pore filling increases, the first layer is the first to be filled; this determines the rapid growth of η 11 (θ), which exceeds η 12 (θ) for filling degrees exceeding one monolayer (once the sites of the second monolayer are blocked, the attraction of the surrounding molecules becomes more pronounced).
SPHERO-CYLINDRICAL PORE SYSTEMS
As a case of more complex pores, we considered sphero-cylindrical systems whose porous space is formed by alternate cylinders having a finite length and truncated spheres. These regular structures can be used to model porous systems of various types. In particular, this relates to zeolite cavities (Breck 1974) which may be approximated by spheres with relatively short cylindrical fragments of different diameters. The crossing of long cylindrical sections in the FSM-16 materials and systems of disjointed cylinders in mesoporous materials, for example, MCM-41 and MCM-49, can also be modelled in this way (Dufau et al. 1998; Grun et al. 1998) .
The separation of sphero-cylindrical fragments into layers for the porous system D s -D c -L c = 5-3-1 is shown in Figure 7 representation of the full pore volume are shown. Numbers 1-9 in the scheme designate cells with different adsorption properties. Using these site distributions, it is easy to construct the unitary and pair distribution function for F f (3) and z fg (r) (4) (Tovbin 1991) .
Local dynamic characteristics
The trace average diffusion coefficient (D * 1 ) for argon and krypton atoms in sphero-cylindrical pores with D s -D c -L c = 20-08-20 are shown on Figure 7 (b). (As above, the values used in the calculations were α = 0.5 and α 11 = 0.3, R = 1.) The difference between these curves at the similar dependencies depicted in Figure 5 is due to the various geometric relations between near-surfaces and central parts of the pores. These define the positions of the minimum and maximum for D * 1 in their concentration behaviours.
The concentration dependencies of the self-diffusion coefficients for pure argon atoms in the mesoporous sphero-cylindrical system with D s -D c -L c = 10-4-8 at different temperatures are shown in Figure 7(c) . The curves are normalized to the corresponding self-diffusion coefficients for small densities of the bulk phase at a fixed temperature (D * bulk ). This is the reason for different self-diffusion coefficients for zero densities. Figure 7(c) shows the local self-diffusion coefficients for molecules in a cylindrical channel and for two directions of the molecular motion in the intersection area calculated for τ = T/T c bulk = 1.0 (curves 1-3), 0.69 (curves 4-6) and 0.49 (curves 7-9). The following values of the self-diffusion coefficients apply: D * 1,1 (curves 3, 6 and 9), D * 11,11 (curves 1, 5 and 8), D * 23,23 (curves 1, 4 and 7). Here pairs of sites 1,1, 11,11 and 23,23 are placed in the first monolayer in a cylindrical channel, in the second one and in the centre of the spherical part, respectively. The patterns of the curves in regions of capillary condensation were calculated taking the Maxwell rule (lever's rule) into account. The characters "᭟" and "᭠" (without a change in their orientation) designate the two-phase regions. The inset shows the phase diagram for this system and these three temperature levels: τ = 1.0 (line A), 0.69 (line B) and 0.49 (line C). Curves 4-6 have one two-phase region while curves 7-9 have two such regions.
The results of calculations demonstrate the strong influence of the surface potential and temperature on the thermal migration of molecules. The role of capillary condensation is enhanced upon decreasing the temperature. The temperature dependence for jumps in the intersection area is least pronounced. For migration along a cylindrical channel, the temperature dependence is most pronounced due to the high activation energy for surface migration.
The concentration dependencies of the local shear viscosity coefficients for an equimolar argon/krypton mixture in a regular sphero-cylindrical structure with D s -D c -L c = 20-08-20 are depicted in Figure 7(d) corresponding to the spherical part (curves 2, 4 and 8) and cylindrical part (curves 1, 6 and 10) of the porous space, and their region of intersection (curves 3, 5, 7 and 9). Shifts with directions parallel to pore wall correspond to the curves in the central part of each region (1, 2 and 3), in the second monolayer (4-6) and in the first monolayer (8-10), whilst in the intersection region the shift from the second to the first monolayer corresponds to curve 7. As the filling of the porous system increases, the adsorbate viscosity also increases. The coefficients change markedly with increasing values of θ.
Overall, the data depicted in Figure 7 demonstrate the important role of the surface potential of the walls and the temperature on the dynamic concentration characteristics of mixture fluids. The presence of capillary condensation at low temperatures could lead to a noticeable change in the coefficients considered if the two-phase region is extended appreciably.
CONCLUSIONS
The molecular approach allows the main dynamic characteristics of a fluid-containing liquid and/or gaseous phases in complex porous systems to be described. The expressions thereby constructed for the transfer coefficients modify similar equations obtained previously (Tovbin 1991 (Tovbin , 1996b . At low mixture densities corresponding to an ideal gas phase, these coefficients are in line with the expressions of the rigorous kinetic theory of gases (Chapman and Cowling 1952; Hirschfelder et al. 1954; Waldman 1958; Ferziger and Kaper 1972) . The proposed modification of the LGM equations allows the calculation of transfer coefficients for any density. It enables LGM theory to be used as a unique approach for high-accuracy simulations of complex systems (such as porous systems) that possess strong non-uniform properties.
The dynamic characteristics of the components in the mixture depend appreciably on the anisotropic distribution of the molecules across any cross-section of pores. The sharpest change in the transfer coefficients occurs near the pore walls due to the highly pronounced influence of the surface potential. These coefficients depend to a lesser extent on the contribution of the wall potential at the pore centre. An important role is played by the total concentration of the mixture of molecules. The denser the system, the lower the migration velocity and all the related masstransfer coefficients; conversely, the viscosity coefficient increases substantially.
The shearing effects of dense fluids play an important role in the transport of dense gases that are efficiently adsorbed by pore walls (for example, in activated carbons). These effects have usually only been considered for rarefied gases. In dense adsorbates, the shearing effect is due to the surface mobility of the molecules rather than to mirror reflection from the walls, as in the case of rarefied gases.
The traditional assumptions concerning the invariability of the self-diffusion and shear viscosity coefficients are not correct in the general case (Timofeev 1962; Satterfield 1970; Ruthven 1984; Dubinin and Serpinsky 1983; Mason and Malinauskas 1983) . In analyzing experimental data, account should be taken of the rather pronounced concentration dependence of the partial dynamic characteristics of an adsorbate mixture in narrow pores caused by both the effect of the pore-wall potential and intermolecular interactions. The molar composition of the mixture and the nature of the intermolecular interactions of the components with the pore wall and with the other components determine the degree of component separation in each pore cross-section, This, in turn, results in substantial non-linear effects for the transfer coefficients when the overall density of the mixture is changed. Tovbin, Yu.K. (2001) 
